Fully-microscopic no-core shell model (NCSM) calculations of all stable s and p shell nuclei are used to determine a realistic NN interaction, JISP16, describing not only the two-nucleon data but the binding energies and spectra of nuclei with A 16 as well. The JISP16 interaction, providing rapid convergence of the NCSM calculations, is obtained in an ab exitu approach by phase-equivalent transformations of the JISP6 NN interaction. Published by Elsevier B.V.
To complement the successful but computationally intensive 'ab initio' no-core shell model (NCSM) [1] , we introduce the 'ab exitu' NCSM. While the former has proven very successful for light nuclei when one includes three-body (NNN ) forces [2, 3] , the computational complexity motivates us to introduce an approach that simultaneously minimizes NNN forces while providing more rapid convergence with a pure nucleon-nucleon (NN ) force. We invoke directly an end-goal of nuclear theory (hence the term 'ab exitu'), a successful description of nuclear properties, including the available NN data, to develop a new class of NN potentials that provide accurate descriptions of a broad range of nuclear data.
To achieve this, we form a union of two recent techniquesthe J -matrix inverse scattering [4] [5] [6] and the NCSM [1] . A major ingredient of our approach is the form of the NN interaction (a small matrix in the oscillator basis), which is chosen to provide rapid convergence of many-body observables within the NCSM. Indeed, we show below that results up through A = 16 obtained directly with the bare interaction (one that accurately describes the NN data) are close to those obtained with the effective interaction and are very useful to establish the confidence region for the binding energy.
Since this is a departure from the more traditional approach, we motivate our development with observations concerning the successful ab initio approaches to light nuclei. Indeed several promising microscopic approaches have been introduced and tested extensively with realistic NN interactions (see [7] and references therein) and with realistic NN + NNN interactions [2, 3, 8] . Progress towards heavier nuclei appears limited only by scientific manpower and by available computers. However, all approaches face the exponentially rising computational complexity inherent in the quantum many-body problem with increasing particle number and novel schemes are needed to minimize the computational burden without sacrificing realism and precision.
The earliest and most successful in reaching nuclei beyond A = 4 is the Green's-function Monte Carlo (GFMC) approach [8] ever-improving NNN interactions [8] [9] [10] , in conjunction with highly precise NN interactions [11] that fit a wide selection of low-lying properties of light nuclei up through A = 10. In addition, the Hamiltonians are tested for their predictions in infinite systems [12] . According to our usage of terminology here, the application of GFMC to determine successful NNN interactions is an excellent example of an ab exitu approach. Now, we ask the question whether it is possible to go even further and search through the residual freedoms of a realistic NN interaction to obtain new NN interactions that satisfy three criteria: (1) retain excellent descriptions of the NN data; (2) provide good fits to light nuclei; and (3) provide improved convergence properties within the NCSM. The challenge to satisfy this triad of conditions is daunting and we are able to provide only an initial demonstration at the present time.
We are supported by the work of Polyzou and Glöckle who demonstrated [13] that a realistic NN interaction is equivalent at the A = 3 level to a realistic NN + NNN interaction where the new NN force is related to the initial one through a phaseequivalent transformation (PET). The net consequence is that properties of nuclei beyond A = 3 become dependent on the freedom within the transformations at the A = 3 level. It seems reasonable then to exploit this freedom and work to minimize the need for the explicit introduction of three and higher body forces. However, we do not surmise that we would be able to eliminate them completely.
We start from the realistic charge-independent NN interaction JISP6 [6] that provides an excellent description of the deuteron properties [6] and NN scattering data with χ 2 /datum = 1.03 for the 1992 np data base (2514 data), and 1.05 for the 1999 np data base (3058 data) [14] . JISP6 provides also a very good description of the spectra of p shell nuclei, but we find that it overbinds nuclei with A 10. To eliminate this deficiency, we exploited PETs to modify the JISP6 in various partial waves. The resulting interaction, hereafter referred to as JISP16 since it is fitted in our ab exitu approach to the Table 2 Same as in Table 1 Tables 1 and 2 the added matrix elements.
Our fitting procedure is one of 'trial-and-error' where we worked with only a few partial waves that we deemed important for these nuclei. We fit only the excitation energies of few lowest 6 Li levels and the 6 Li and 16 O binding energies. To save time, we performed the NCSM calculations in small enough model spaces (up to 10hω for 6 Li and up to 4hω for 16 O). After obtaining a reasonable description of these observables, we checked that the binding energies and spectra of all the rest s and p shell nuclei are well-described in small model spaces. The results presented below are obtained in the ab initio NCSM calculations with the obtained NN interaction, the ab exitu JISP16, in larger model spaces. This description of the binding energies is somewhat worse than the one obtained during the fit in smaller model spaces, however it is still very reasonable. In a future effort, we will perform a thorough search through the space of possible PETs that should further improve the description of nuclear properties while retaining the excellent description of the NN data.
We illustrate our approach with the 16 O ground state energy in Fig. 1 . The variational principle holds for the bare interaction results; hence the upper bound (UB) for the ground state energy is the minimum of itshω dependence in the 6hω model space. In the calculations with the effective interaction obtained by the Lee-Suzuki transformation, the quoted result is conventionally associated with the minimum of thehω dependence. This minimum is seen from Fig. 1 to ascend with increasing model space. Based on our results in lighter systems with larger spaces that show uniform convergence of this minimum, the minimum obtained in the 6hω model space is a suggested lower bound (LB) for the ground state energy. The difference between these up- per and lower bounds is our estimate for the 'error bars' of our predictions. These error bars suggest reasonable convergence is attained but this requires verification in larger basis spaces. Similar trends are found for most of the p shell nuclei. We present in Table 3 their binding energies obtained with both bare and effective interactions. We also quote thehω values providing the minimum with the effective interaction. The difference between the given result and the result obtained with the samehω in the next smaller model space is presented in parenthesis to give an estimate of the convergence of our calculations. We quote our differences in significant figures from the rightmost figure of the stated result, omitting decimal points to save space. The ground state energy of A = 6, 7 and 8 nuclei converges uniformly from above with both the bare and effective interactions. We present in Table 3 only the effective interaction results for these nuclei due to their superior convergence features. For these nuclei, an extrapolation based on the fit by a constant plus exponential function for differenthω values may be useful. For 6 Li, this extrapolation results in a binding energy of 31.70 (17) MeV where the value in parenthesis is the uncertainty of the fit. A similar extrapolation for 6 He results in a binding energy of 28.89 (17) MeV which is bound with respect to the α + n + n threshold. We note that the bare interaction results for A = 6 nuclei are very close to the ef- 6 He. The nuclear Hamiltonian based on the ab exitu realistic NN interaction JISP16, is seen to reproduce well the binding energies of nuclei with A 16. The lowest state of natural parity has the correct total angular momentum in each nucleus studied. The experimental binding energies of all nuclei presented in Table 3 either lie within error bars of our predictions or are close to our suggested LB based on the effective interaction calculations. Generally JISP16 slightly underbinds only nuclei in the middle of the p shell. The difference between UB and LB is small, suggesting that JISP16 provides good convergence. However, our error bars increase as binding energy decreases in a chain of isobars (cf. the results for 13 O and 13 N).
A u t h o r ' s p e r s o n a l c o p y
We present in Tables 4 and 5 spectra and ground state properties of 6 Li and 10 B which are known [2, 8, 15, 16] to be sensitive to an explicit NNN interaction. Here, the ab exitu JISP16 NN interaction alone provides a good description. The JISP16 6 Li spectrum seems to be less favorable than that provided by our JISP6 interaction specifically fitted to the 6 Li spectrum. However, the JISP16 6 Li spectrum is competitive with those of realistic NN + NNN potential models. Also, we obtain a good description of the 6 Li quadrupole moment Q that is a recognized challenge due to a delicate cancellation between deuteron quadrupole moment and the d wave component of the α-d relative wave function. We observe that Q and the point-proton rms radius r p have a more prominenthω dependence than the binding energy.
The 10 B properties are also seen to be well-described with the JISP16 interaction contrary to previous results from pure realistic NN interactions [2, 16] . We note that the 10 B spectrum depends onhω at N max = 8 but not so strongly as to alter our main conclusions. For example, the minimum of the 10 B ground state corresponds tohω = 20 MeV while the minimum in the first excited state energy occurs athω = 15 MeV. We present in Table 5 the 10 B properties obtained withhω = 15 MeV, i.e. with thehω value corresponding to the minimum of the first excited state since it has a more pronouncedhω dependence than the ground state. The 10 B ground state spin was not previously reproduced with a pure realistic NN interaction. We Table 5 Same as in Table 4 but for the 10 In constructing ISTP [5] , JISP6 [6] and JISP16 potentials we adopted only the accepted symmetries of the NN interaction and neglected explicit constraints such as the long-range behavior from meson-exchange theory. However, this does not mean that the JISP16 NN interaction is inconsistent with mesontheoretical forms of the NN interaction. On the contrary, it is well known that the one-pion exchange (OPE) dominates the NN interaction in higher partial waves and the long-range behavior of NN interaction in lower partial waves. In this context, we showed in Ref. [5] that our scattering wave functions in higher partial waves are nearly indistinguishable from those of the Nijmegen-II OPE potential. Also, in lower partial waves, our wave functions are very close to those of Nijmegen-II at large distances and a small difference is seen only at higher energies. Finally, we introduced the PETs of JISP6 and JISP16 only in lower partial waves and only in a few lowest oscil-lator components of the potential with a large value ofhω = 40 MeV. As a result, PETs reshape the wave functions at short distances ( 1 fm). Thus, the JISP16 interaction appears to be consistent with the well-established OPE tail as embodied in the Nijmegen-II NN interaction.
We propose our ab exitu JISP16 as a realistic NN interaction since it describes the two-body observables with high precision. In addition, it provides a reasonable and economic description of properties of many-body nuclear systems in the microscopic NCSM approach. Economy arises from the softness of the interaction represented in a separable oscillator form. Short distance phase-equivalent transformations adjust the off-shell properties successfully to reduce the roles of multi-nucleon interactions. The particular mechanism of this reduction is not clear at the present time. However, our results as well as the success of the approach of Ref. [17] , clearly demonstrate that such a mechanism exists and should be studied in detail. We plan to study this with explicit NNN interactions.
We conclude that the many-body nuclear Hamiltonian obtained in our ab exitu approach is realistic from the point of view of providing a good description of a wide range of nuclear data. The suggested JISP16 NN interaction opens a path for extending realistic microscopic theory to heavier nuclei, to achieve better convergence and to obtain improved agreement with experiment.
